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ABSTRACT 
 
 
 
 
Campaniform sensillum is a very sensitive strain sensing organ even 
though it is small in size. Various geometrical features which could contribute to 
strain sensing detection as being employed by the insect sensing organ were 
investigated. This study was carried out with the objective to investigate the effect 
of the geometry on the mechanical behaviour of campaniform sensillum by using 
biomimetic structures. The four structures were modelled as chip block, chip block 
with through hole, chip block with flat membrane-in-recess, and chip block with 
dome-shaped membrane to represent the features of campaniform sensillum. The 
potential of these structures as  new sensing mechanism for  strain sensing were 
evaluated using the finite element software as the result could be predicted 
together with associated strain and displacement. The results showed that hole and 
dome shape structure features were the main features that contributed to the 
excellent sensing behaviour of the mimetic structure. The sensing mechanism was 
started with the localization of strain around the hole several times higher than the 
applied load (first amplifier), before it was further transduced and amplified by the 
dome structure that acted as a transducer and second amplifier. Compared to the 
previous biomimetic structure of campaniform sensillum, the suggested 
biomimetic with the dome shape structure performed better by increasing the strain 
by a strain concentration factor of 5.45, whereas the structure with hole was 1.03 
lower. Besides, combination of these features makes the devices to have higher 
sensitivity in term of  a ratio of output signal to the input signal. In addition, the 
output signal in the form of vertical displacement was also improved. This makes 
the structure act efficiently to deliver the information related to strain detection. 
The obtained understanding can be applied in the design of highly miniaturized 
strain sensor for medical application.       
11 
 
 
 
 
 
ABSTRAK 
 
 
 
 
Campaniform sensillum adalah organ deria yang sangat sensitif kepada 
terikan walaupun bersaiz kecil. Pelbagai ciri-ciri geometri yang meyumbang 
kepada pengesanan terikan disiasat   sebagaimana yang digunakan oleh organ deria 
serangga. Kajian yang telah dijalankan dengan bertujuan untuk  menyiasat kesan 
geometri  kepada sifat mekanikal campaniform sensillum dengan mengunakan  
model struktur yang dimimikan. Struktur dimodelkan dalam  empat bentuk 
bongkah yang berbeza iaitu  bongkah, bongkah dengan lubang, bongkah dengan 
selaput nipis yang leper dan bongkah dengan selaput nipis berbentuk cembung 
bagi mewakili ciri-ciri yang terdapat pada campaniform sensillum. Keputusan 
kajian menunjukkan rongga dan struktur kubah adalah ciri-ciri utama yang 
meyumbang kepada sifat pengesanan yang sangat baik. Mekanisma pengesanan 
bermula dengan lokalisasi terikan disekitar rongga beberapa kali lebih tinggi 
daripada memuat yang dikenakan  (penguat pertama) sebelum terikan yang dialami 
seterusnya diubah dan dikuatkan lagi oleh struktur kubah yang bertindak sebagai 
pengubah dan penguat yang kedua. Berbeza dengan struktur biomimik 
campaniform sensillum yang lepas, struktur biomimik yang dicadangkan  ini 
dilengkapi dengan struktur berkubah yang berpotensi   meningkatkan terikan  
dengan faktor penumpuan terikan sebanyak 5.45 berbeza 1.03 dengan struktur 
yang hanya dilengkapi oleh ciri rongga.Di samping itu, pengabungan ciri-ciri 
menjadikan struktur yang dimimikan memiliki sensitiviti yang tinggi  iaitu 
pecahan isyarat keluaran per isyarat masukan. Malah, isyarat keluaran dalam 
bentuk anjakan menegak juga diperbaiki menjadikan struktur berupaya 
menghantar maklumat berkaitan dengan pengesanan terikan secara efisien. 
Pemahaman yang diperoleh boleh digunakan dalam mereka bentuk sensor terikan  
bersaiz kecil bagi aplikasi perubatan. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1       Background of Study 
 
 
The demand for a new strain sensor in medical application has indicated an 
increase since the introduction of new surgical technique known as a minimally 
invasive surgical procedure. This technique is popular among the surgeons and 
become more familiar in the developing countries. The growth is catalysed by the 
desire to reduce pain and recovery time through small incisions instead of 
conventional surgery in order to access patience's tissues or wound.  Using this 
innovation, many surgical procedures such as endovascular surgery, spine surgery, 
and arthroscopic surgery are improved [1, 2]. 
 
 
  The ability of the technique to improve the capability of standard surgery 
procedure has been proven. However its efficiency remained questionable since 
the instruments used by the surgeon can cause a loss of tactile sensation during 
tissue manipulation. The feel of touch is important for the surgeons when they 
attempt to inspect the condition of patience organ and also via the sense of touch, 
24 
 
the surgeon can estimate how much force should they apply  order to avoid tissue 
trauma [3] 
In order to solve the problem, one of the solutions is by introducing the 
new sensing method that can be installed on the instruments [4]. Through this 
method, surgeons will know the magnitude of the force that is applied at the site of 
surgery. Minimally invasive surgery involves the procedure of the making three 
holes on the patience body. A device just the same as a camera known as 
laparoscope is inserted through one incision whereas the other two incisions will 
be used to put on the surgical instruments such as stripper, knife, scissors, clamps, 
etc [4-6]. As explained before, the main improvement of this surgical procedure is 
small surgery opening of the patience’s body, therefore small surgical tools is 
used. However in order to get better sensing performance, high endurance and 
precision, miniature strain sensor with the novel feature of sensing detection 
should be considered.    
 
 
In terms of material selection of the surgical tools, stainless steel is one of 
the most commonly used metallic material in manufacturing of instrument for the 
minimally invasive surgery [7, 8]. Besides, highly corrosion resistant and 
chemically nonreactive with tissue body, that makes it suitable for medical, its 
natural properties of solid mechanics also valuable to provide the stress strain 
feedback information signal to the surgeon through proper geometry modification. 
This concept is promising since the structure is deformed as force is applied. 
However, in performing the surgery procedure, the gripping force must be in the 
range of 16 N [9] up until 40N [10]. As the young’s modulus of the stainless steel 
is around 200GPa so the resulting strain that's expected to generate is lower than 1 
micro strain and it required powerful amplifier to enlarge the associated signal up 
to certain appropriate level.      
 
 
The problem of size limitations and tiny stain generation that occurred can 
be solved as inspired by the nature. These aspects lead to the new demand of novel 
sensing mechanism which it is possible because the nature had produced a huge 
number of excellence engineering systems than human ever invented. 
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Campaniform sensillum of the insect for example, is mechanoreceptor organs that 
respond to stimulation. Embedded in the cuticle of cockroach leg and integrated 
with sensory systems, this organ is very sensitive to the strain of the deformation 
[11].   Thus, using the appropriate methods in extracting the sensing concept of the 
sensor organ and converting its working mechanism into engineering application is 
adaptable. It is expected that the investigation of the potential of the sensor 
mechanism of the campaniform can improve the existing sensor as a result; the 
new concept of sensing detection will be realized.             
 
 
 
 
1.2       Problem Statement 
 
 
Understanding the working mechanism and the structural parts that 
contribute to the excellence sensing behaviour of campaniform sensillum is 
important as these features can provide special sensing performance that can cope 
with medical application requirements. However, due to the complexity of the 
campaniform parts and its miniature size as well the sensing process, attempts and 
efforts toward deeper understanding of this sensing organ of the insect received 
little interest.  
 
 
In order to obtain the related result, sometime researchers have to spend 
their time to adept with various fields of expertise such as biology and engineering 
but most of time, the technology that can be used to investigate the sensing 
behaviour of the organ from the main source which is the mechanism of 
campaniform sensillum on the living insect is unavailable. Therefore the actual 
working concept left unclear and require a lot of further work to be done. 
 
 
  Nevertheless, under the proper solid mechanics theory and the assumption 
of the biomechanics of the campaniform sensillum, several researchers have 
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attempted to use computer simulation to simulate structure response [12-14]. The 
work was included three dimensional model of campaniform sensillum found on 
the fly body and its mimetic structure that simplify certain interesting features 
which can represent the behaviour of the structure.  
 
 
At the same time, most of the publications were aimed on the hole features 
inspired from campaniform sensillum [12-14]. This featured capable to concentrate 
the strain that distribute on the solid structure to the location around the hole 
opening. Besides that, the effect of the campaniform arrangement as the array of 
hole also attracts the interest of  researchers because  this strategy can be used to 
lower down the magnitude of dangerous stress concentration without 
compromising the sensing concept – locally amplified global strain on the structure 
[14]. As well as, the literature related to campaniform sensillum is limited and the 
discussion related to the topic become fairly restricted, thus this research intends to 
investigate further on the behaviour of the mimetic structure with some 
improvement on the sensing features. Based on that, the current research will focus 
on the dome shape structure as a thin membrane that represents the cuticle cap of 
campaniform sensillum besides its potential in sensing application. 
  
 
According to engineering aspect, the presence of holes in the structure can 
reduce the live service as hole cause stress concentration becomes higher in the 
area closest to the hole edge and reduce the ability of carrying a tensile load of the 
member which can lead to catastrophic failure. Yet, the idea that presented by the 
campaniform sensillum somehow, offer the different point of view rather than 
catastrophic structural failure, instead, the structures are simplified modification to 
provide the useful information. 
 
 
In addition to hole, there are also reports that mention about the function of 
dome shape of campaniform sensillum [12]. Under specific loading direction, the 
lateral displacement is rotated 90° out of plane by means of dome shape of cuticle 
cap. At this point, it is clear that the geometrical shape of this part plays the role as 
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a transducer and in addition, the converted signal is then amplified further before 
delivering to the sensory system of the insect. Intended to create new strain sensor 
with the new features inspired from the insect sensor, the dome shape of cuticular 
cap is identified as one of the important parts that have to be considered in the 
investigation.         
 
 
Based on the previous explanation, the problem statements of the research are 
summarized as the following: 
 
1. How to extract the important features of campaniform sensillum in order to 
transfer the idea from nature into sensing technology.  
 
2. How the mechanical features of mimetic structures of campaniform 
sensillum such as hole and dome shape membrane behave toward strain 
sensing detection? 
 
3. How can mechanical part of the mimetic structure inspired by campaniform 
sensillum amplify and traduce the strain in term of sensing application. 
 
 
 
 
1.3     Objective 
 
 
Due to limited knowledge and available data related to the working 
mechanism of campaniform sensillum, it requires a lot of continuing work to 
point-out the clear information regarding to this proprioceptor organ.  There is a 
necessity to find out the working mechanism of campaniform sensillum that 
associated with the strain sensing detection, so the concept can be used as an 
alternative for a novel strain sensing device.   
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Figure 1.1 Two sensilla of the group of campaniform sensillum found on the leg 
of a fly which is the arrows show the location of the cuticular cap. 
 
 
Several researchers had carried out the investigation of the potential of 
campaniform sensillum before it can be applied as a miniature strain sensor. 
However, since the progress is at an early stage, therefore most of them only 
focused on the types of opening which is may influence the strain and 
displacement of the structure. The results however, aren't representing the 
mechanism of the whole structure since the real structure of campaniform 
sensillum consists of several parts. Therefore the mechanical behaviour of 
campaniform sensillum is required to be explored further detail before the idea of 
new strain sensing mechanism can be realized, and solve the limitation on field of 
sensor applications. 
 
    
The objectives of the study are as follows:  
 
1. To identify the important parts of campaniform sensillum and convert 
the idea from nature into sensing technology. 
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2.  To investigate the mechanical behaviour of the mimetic structure of 
campaniform sensillum which is by considering important features of 
the sensing organ in order to apply the idea as strain sensor for 
biomedical application.  
 
3. To study the potential of strain amplification and transduction that 
related to geometric features of the mimetic structure.  
 
 
 The magnitude of structure response among all structure models is 
identified to allocate reasonable evaluation, based on strain sensing detection. 
Excellence sensing behaviours are expected to obtain which can generate better 
perceptive for strain sensing mechanism inspired from the nature. The study was 
carried out using a simulation approach which is a technique commonly used in 
biomedical investigation.      
 
 
 
 
1.4      Scope of Study 
 
 
The present study is done to highlight the behaviour and the performance 
of the mimetic structure of the campaniform sensillum under the static loading. 
The structure consists of two segments which are the chip and the dome shape. 
These two structures have been identified as parts of interest all along the 
investigation. Two approaches are applied. Firstly, the investigating on the 
mechanical behaviour of the dome shape structure which comparing the 
respondent with the other models. Second, the investigation on geometric 
parameter of dome shape of the mimetic structure inspired from campaniform 
sensillum. 
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  The whole structure is fixedly supported as statically determinate. A 
structure is said to be statically determinate as the component of the reaction can 
be determined from the equation of static equilibrium which is in this state the 
relative position on the structure do not vary over the time and the resultant force 
that acting on the structure is equal to zero. Yet, the structure also is allowed to be 
loaded with the force in elastic range by paying attention on bucking phenomena 
of thin plate structure and saturated condition of dome shape under the indentation 
deformation.  
 
 
Three-dimensional models of the mimetic structure with particular 
geometric features represent the biological structure of an insect sensing organ 
were made using 3D mechanical computer aided design software, Solidworks. The 
designed model then transferred into a finite element software program, ABAQUS 
in order to simulate the effect of the expected stimulus condition. Referring to 
MEMS technology, the model is assigned with silicon material property and 
assumed to be deformed linearly, homogeneous and isotropic in all load directions 
[15, 16]. The result of associated strain and displacement is simplified and 
represented in colouring contour in the graph.       
 
 
 
 
1.5      Importance of The Study 
 
 
This study provided an additional understanding of the biomechanical 
behaviour of campaniform sensillum via its mimetic structure. The study was 
carried out using computational analysis with the purpose to study the effect of 
strain and bending displacement of the mimetic structure especially the dome 
shape for the sensing application. The simulation approach employed finite 
element method to predict the deformation condition according to proper 
mathematical formula in order to obtain the most precise result that can represent 
the circumstance under static loading condition. 
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In fact, the role of the cap of campaniform sensillum as a transducer and 
amplifier not well understood. Previously, researchers had done investigation on 
the strain and displacement due to the presence of the blind hole that inspired by 
the feature of campaniform sensillum [12-14]. Although, it is proven that blind 
hole can process the stimulus, yet to know deeper how the environmental 
information is transferred to the insect nervous system via proprioception organ 
still required a lot of studies in order to complete the puzzle. Thus, the study is 
found to be important. With supporting evidence and some idea from previous 
study [12-15], the present study can elucidate the response of the dome shape as it 
can further amplify the strain several orders higher out of sensing plane.          
 
 
 
 
1.6      Conclusion  
 
 
In this chapter, the demand in new sensing inspired by natural has been 
described. Every important point that related to the limitation and requirement of 
the novel strain sensor also have been described and elaborated in detail in order to 
provide a clear scheme of sensing the in medical application. The motivation of the 
research, as explained in detail in several subtopics is to investigate the mechanical 
behaviour of campaniform sensillum. By understanding the working mechanism of 
campaniform sensillum which represents the as biomimetic structure, the study is 
expected to contribute better understanding related to the role of the cap of 
campaniform sensillum as a transducer and amplifier through the computational 
study.       
 
 
 
 
 
 
 
97 
 
REFERENCES 
 
1. Iribarne, A., et al., The Golden Age Of Minimally Invasive Cardiothoracic 
Surgery: Current and Future Perspectives. Future Cardiol, 2011. 7(3): p. 
333-46. 
2. Gorek, J.E., K.W. Rolfe, and C. Idler, Minimally Invasive Surgery of the 
Spine: Less Is More. Seminars in Spine Surgery, 2011. 23(1): p. 2-8. 
3. Karp, J.E. and S.C. Ludwig, The Role of Minimally Invasive Surgery in 
Thoracolumbar Spine Trauma. Seminars in Spine Surgery, 2011. 23(1): p. 
60-65. 
4. Rosen, J., et al., Force Controlled and Teleoperated Endoscopic Grasper 
for Minimally Invasive Surgery-Experimental Performance Evaluation. 
Biomedical Engineering, IEEE Transactions on, 1999. 46(10): p. 1212-
1221. 
5. Wagner, C.R., N. Stylopoulos, and R.D. Howe. The Role of Force 
Feedback in Surgery: Analysis of Blunt Dissection. in Haptic Interfaces for 
Virtual Environment and Teleoperator Systems, 2002. HAPTICS 2002. 
Proceedings. 10th Symposium on. 2002. 
6. Tholey, G., et al., Design, Development, and Testing of an Automated 
Laparoscopic Grasper with 3-D Force Measurement Capability, in 
Medical Simulation, S. Cotin and D. Metaxas, Editors. 2004, Springer 
Berlin Heidelberg. p. 38-48. 
7. Hollstein, F., et al., Investigation of Low-Reflective ZrCN–PVD-Arc 
Coatings for Application on Medical Tools for Minimally Invasive Surgery. 
Surface and Coatings Technology, 2001. 142–144(0): p. 1063-1068. 
8. Okada, A., et al., Surface Finishing of Stainless Steels for Orthopedic 
Surgical Tools by Large-Area Electron Beam Irradiation. CIRP Annals - 
Manufacturing Technology, 2008. 57(1): p. 223-226. 
9. Desai, G.T.a.J.P., A Compact and Modular Laparoscopic Grasper With 
Tridirectional Force Measurement Capability. J. Med. Devices Jul 11, 
2008. Vol 2(Transactions of the ASME). 
10. Cavusoglu, M.C., et al., A Laparoscopic Telesurgical Workstation. 
Robotics and Automation, IEEE Transactions on, 1999. 15(4): p. 728-739. 
98 
 
11. SASHA N. ZILL, D.T.M., The Exoskeleton and Insect Proprioception. I. 
Responses of Tibial Campaniform Sensilla to External and Muscle-
Generated Forces in the American Cockroach, Periplaneta Americana. J 
Exp Biol 1981. 91: p. 1-24. 
12. Skordos, A., et al., A Novel Strain Sensor Based on The Campaniform 
Sensillum of Insects. Philosophical Transactions of the Royal Society of 
London. Series A:Mathematical, Physical and Engineering Sciences, 2002. 
360(1791): p. 239-253. 
13. Vincent, J. and S. Clift, Strain Sensors Inspired by Campaniform Sensilla. 
2007. 
14. Menon, C., et al., Concept Design of Strain Sensors Inspired by 
Campaniform Sensilla. Acta Astronautica, 2009. 64(2): p. 176-182. 
15. Wicaksono, D., et al., Biomimetic Strain-Sensing Microstructure for 
Improved Strain Sensor: Fabrication Results and Optical Characterization. 
Journal of Micromechanics and Microengineering, 2005. 15(7): p. S72. 
16. Hopcroft, M.A., W.D. Nix, and T.W. Kenny, What is the Young's Modulus 
of Silicon? Microelectromechanical Systems, Journal of, 2010. 19(2): p. 
229-238. 
17. Abadal, G., et al., Electromechanical Model of a Resonating Nano-
Cantilever-Based Sensor for High-Resolution and High-Sensitivity Mass 
Detection. Nanotechnology, 2001. 12(2): p. 100. 
18. Nagy, M.L., A User Friendly High-Sensitivity Strain Gauge. Sensors   
2001. 
19. Chan, E., K. Garikipati, and R. Dutton, Comprehensive Characterization of 
Electrostatically-Actuated Beams. 
20. Wu, H.-C. and B. Mu, On A Stress Concentrations for 
Isotropic/Orthotropic Plates and Cylinders With a Circular Hole. 
Composites Part B: Engineering, 2003. 34(2): p. 127-134. 
21. Franken, M., Smart Memory  Alloy Actuated Slave System for Medical 
Robotics, with Haptic Feedback. Master's thesis Eindhoven University  of  
Technology Department  of  Mechanical  Engineering, Section of 
Dynamics and Control Technology, June 2003. 
99 
 
22. Peirs, J., D. Reynaerts, and H. Van Brussel, Design of Miniature Parallel 
Manipulators for Integration in a Self-Propelling Endoscope. Sensors and 
Actuators A: Physical, 2000. 85(1–3): p. 409-417. 
23. Chitwood, W.R., Jr., et al., Video-Assisted Minimally Invasive Mitral Valve 
Surgery: The "Micro-Mitral" Operation. J Thorac Cardiovasc Surg, 1997. 
113(2): p. 413-414. 
24. Carpentier A, L.D., Carpentier A, Le Bret E, Haugades B, Dassier P, 
Guibourt P, Open Heart Operation Under Video Surgery and 
Minithoracotomy. First Case (Mitral Valvuloplasty) Operated With 
Success. C R Acad Sci III, Mar 1996 319(3): p. 219-23. 
25. Reichenspurner H, B.D., Gulbins H, et al   Three-Dimensional Video and 
Robot-Assisted  Port-Access Mitral Valve Operation. Ann Thorac Surg, 
2000. 69(4): p. 1176–1181. 
26. Hernandez JD, B.S., Munz Y, Moorthy K, Datta V, Martin S, Dosis A, 
Bello F, Darzi A, Rockall T, Qualitative and Quantitative Analysis of the 
Learning Curve of a Simulated Surgical Task On The Da Vinci System. 
Surg Endosc, Mar 2004 18(3): p. 372. 
27. Martin, A., et al., A Novel Optical Fiber-Based Strain Sensor. Photonics 
Technology Letters, IEEE, 1997. 9(7): p. 982-984. 
28. Hannah, R.L. and S.E. Reed, Strain Gage Users' Handbook. 1992: 
Springer. 
29. Liu, C., Foundations of Mems. 2012: Prentice Hall PTR. 
30. E. Burcsu, G.R., and K. Bhattacharya, Large Strain Electrostrictive 
Actuation in Barium Titanate. Applied Physics Letters, 2000. 77(11): p. 
1698-1700. 
31. Xiaowu, Z., et al. Application of Piezoresistive Stress Sensor in Wafer 
Bumping and Drop Impact Test of Embedded Ultra Thin Device. in 
Electronic Components and Technology Conference (ECTC), 2011 IEEE 
61st. 2011. 
32. Krishnamurthy, K., F. Lalande, and C.A. Rogers. Effects of Temperature 
on The Electrical Impedance of Piezoelectric Sensors. in 1996 Symposium 
on Smart Structures and Materials. 1996: International Society for Optics 
and Photonics. 
100 
 
33. David W. Wagner, G.S.B., Effect of Strain Guage Size and Placement 
During the Mouse Axial Ulnar Loading Protocol Calibration American 
Society of Biomechanics, 2011. 
34. D Sallé, F.C., P Bidaud, Surgery Grippers for Minimally Invasive Heart 
Surgery. Proceedings of IEEE International Conference on Intelligent 
Manipulation and Grasping, IMG04, Italy, 2004. 
35. Kon, S., K. Oldham, and R. Horowitz. Piezoresistive and Piezoelectric 
MEMS Strain Sensors for Vibration Detection. in The 14th International 
Symposium on: Smart Structures and Materials & Nondestructive 
Evaluation and Health Monitoring. 2007: International Society for Optics 
and Photonics. 
36. Wolbarsht, M.L., Electrical Characteristics of Insect Mechanoreceptors. 
The Journal of general physiology, 1960. 44: p. 105-122. 
37. Barth, F.G., Spider Mechanoreceptors. Current Opinion in Neurobiology, 
2004. 14(4): p. 415-422. 
38. Sherrington, C.S., The Integrative Action of the Nervous System. 1906: 
Yale University Press. 
39. David T. Moran, K.M.C., Richard A. Ellis, The Fine Structure of 
Cockroach Campaniform Sensilla. J Cell Biol., 1 January 1971 48(1): p. 
155–173. 
40. DICKINSON, M.H., Linear and Nonlinear Encoding Propertffis of an 
Identified Mechanoreceptor on the Fly Wing Measured with Mechanical 
Noise Stimul. J Exp Biol 1990 151  p. 219-244. 
41. CHAPMAN, K.M., Campaniform Sensilla on the Tactile Spines of the Legs 
of the Cockroach. J Exp Biol ,April 1965 42 p. 191-203. 
42. Flannigan, W.C., Finite Element Modeling of Arthropod Exoskeleton. 
Master's thesis May 1998. 
43. Gnatzy, W., U. Grünert, and M. Bender, Campaniform Sensilla of 
Calliphora Vicina (Insecta, Diptera). Zoomorphology, 1987. 106(5): p. 
312-319. 
44. Grünert, U. and W. Gnatzy, Campaniform Sensilla of Calliphora Vicina 
(Insecta, Diptera). Zoomorphology, 1987. 106(5): p. 320-328. 
45. Pringle, J.W.S., Proprioception In Insects: II. The Action Of The 
Campaniform Sensilla On The Legs. J Exp Biol, 1938. 15(1): p. 114-131. 
101 
 
46. Cole, E.S., The Pattern of Campaniform Sensilla on the Wing and Haltere 
of Drosophila Melanogaster and Several of Its Homeotic Mutants. 1983: 
University of Washington. 
47. Spinola, S.M. and K.M. Chapman, Proprioceptive Indentation of the 
Campaniform Sensilla of Cockroach Legs. Journal of comparative 
physiology, 1975. 96(3): p. 257-272. 
48. Delcomyn, F., Activity and Directional Sensitivity of Leg Campaniform 
Sensilla in a Stick Insect. Journal of Comparative Physiology A, 1991. 
168(1): p. 113-119. 
49. Matheson, T., Range Fractionation in the Locust Metathoracic Femoral 
Chordotonal Organ. Journal of Comparative Physiology A, 1992. 170(4): 
p. 509-520. 
50. Heinzel, H.G. and M. Gewecke, Directional Sensitivity of the Antennal 
Campaniform Sensilla in Locusts. Naturwissenschaften, 1979. 66(4): p. 
212-213. 
51. Craig, S., et al., BioTRIZ Suggests Radiative Cooling of Buildings Can Be 
Done Passively by Changing the Structure of Roof Insulation to Let 
Longwave Infrared Pass. Journal of Bionic Engineering, 2008. 5(1): p. 55-
66. 
52. Tata, U., et al., Bio-Inspired Sensor Skins for Structural Health Monitoring. 
Smart Materials and Structures, 2009. 18(10): p. 104026. 
53. Phelan, C.T. and J. Tangorra, A Biorobotic Model of the Sunfish Pectoral 
Fin for Investigations of Fin Sensorimotor Control. 2010: Drexel 
University. 
54. H., S.O., Some Interesting and Useful Biomimetic Transforms. In Third Int. 
Biophysics Congress, 1969: p. p.297. 
55. Bhushan, B., Biomimetics: Lessons From Nature–an Overview. 
Philosophical Transactions of the Royal Society A: Mathematical, Physical 
and Engineering Sciences, 2009. 367(1893): p. 1445-1486. 
56. Bartlett, M.D., et al., Biomimetics: Looking Beyond Fibrillar Features to 
Scale Gecko-Like Adhesion (Adv. Mater. 8/2012). Advanced Materials, 
2012. 24(8): p. 994-994. 
102 
 
57. Pearson, M.J., et al., Biomimetic Vibrissal Sensing for Robots. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
2011. 366(1581): p. 3085-3096. 
58. Barry, E.D.a.M.S.S., TRIZ - What Is TRIZ? (http://www.triz-
journal.com/archives/what_is_triz/). . The Triz Journal. Real Inovation 
Network, 2 October 2010. 
59. E., D., The 39 Features of Altshuller’s Contradictionmatrix ( 
http://www.triz-journal.com/archives/1998/11/d/). TRIZ J, 1998   
60. Courant, R., Variational Methods for the Solution of Problems of 
Equilibrium and Vibrations. Bull. Amer. Math. Soc, 1943. 49(1): p. 23. 
61. Turner, M.J., et al., Stiffness and Deflection Analysis of complex structures. 
62. Roylance, D., Finite Element Analysis. 2001. 
63. Yue Chen, D.H.B.W., Lu-Jun Zhang, Julian F.V. Vincent, Paddy J. French  
Strain Amplifying property of Bioinspired Membrane-in-Recess 
Microstructure: Analytical Modelling. Proceedings of the SAFE 
International symposium 2006: p. 373-378. 
64. Vincent, J.F., et al., Biomimetics: its Practice and Theory. Journal of the 
Royal Society Interface, 2006. 3(9): p. 471-482. 
65. Hößl, B., et al., Finite Element Modeling of Arachnid Slit Sensilla: II. 
Actual Lyriform Organs and the Face Deformations of the Individual Slits. 
Journal of Comparative Physiology A, 2009. 195(9): p. 881-894. 
66. Agarwal, B.D., L.J. Broutman, and K. Chandrashekhara, Analysis and 
Performance of Fiber Composites. 2006: John Wiley & Sons. 
67. Bistué, G., et al., A Design Tool for Pressure Microsensors Based on FEM 
Simulations. Sensors and Actuators A: Physical, 1997. 62(1–3): p. 591-594. 
68. Chen, B., et al., Research on the Microstructure of Insect Cuticle and the 
Strength of a Biomimetic Preformed Hole Composite. Micron (Oxford, 
England : 1993), 2002. 33(6): p. 571-574. 
69. Cho, C.-H., Characterization of Young’s Modulus of Silicon Versus 
Temperature Using a “Beam Deflection” Method with a Four-Point 
Bending fixture. Current Applied Physics, 2009. 9(2): p. 538-545. 
70. Lobontiu, N. and E. Garcia, Mechanics of Microelectromechanical 
Systems. 2005: Springer. 
103 
 
71. Wong, Y.W. and S. Pellegrino, Wrinkled Membranes Part iii: Numerical 
Simulations. Journal of Mechanics of Materials and Structures, 2006. 1(1): 
p. 61-93. 
72. Guo, J., et al. High-Gain Mechanically Amplified Capacitive Strain Sensor. 
in Sensors, 2005 IEEE. 2005: IEEE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
